l e t t e r s
Malignant pleural mesotheliomas (MPMs) often show CDKN2A and NF2 inactivation, but other highly recurrent mutations have not been described. To identify additional driver genes, we used an integrated genomic analysis of 53 MPM tumor samples to guide a focused sequencing effort that uncovered somatic inactivating mutations in BAP1 in 23% of MPMs. The BAP1 nuclear deubiquitinase is known to target histones (together with ASXL1 as a Polycomb repressor subunit) and the HCF1 transcriptional co-factor, and we show that BAP1 knockdown in MPM cell lines affects E2F and Polycomb target genes. These findings implicate transcriptional deregulation in the pathogenesis of MPM.
MPM, an aggressive neoplasm of the serosal lining of the chest etiologically linked to asbestos, is diagnosed in approximately 2,000 to 3,000 individuals annually in the United States, most of whom die within 2 years of diagnosis. Studies of MPM have identified only two frequent genetic alterations, the most common being homozygous 9p21 deletions centered on CDKN2A, seen in up to 72% of tumors and over 80% of MPM cell lines 1 . Other recent studies have implicated NF2 loss through monosomy 22 or 22q deletions as another common event 2 . Aside from these two tumor suppressors, other driver genes in MPM remain obscure. Here we used an integrated genomics approach to define recurrent genomic copy number alterations (CNAs) in MPM and to select candidates for sequencing.
We profiled CNAs in 53 primary MPM tumor samples on Agilent 244K CGH arrays. Unsupervised clustering of the copy number data identified two major clusters, with most MPMs (41/53; 77%) showing a predominance of losses, whereas in a minority of MPMs (12/53; 23%), genomic gains predominated (Supplementary Fig. 1) . Based on the analysis of minimal common regions of CNA, the three most common deletions were at 9p21, 22q and 3p21. Although the known or presumed drivers for the former two are CDKN2A and NF2, respectively, the gene or genes whose loss drives selection for 3p21 deletions have not been identified despite prior efforts 3 . To refine the definition of candidate regions, we also analyzed the data using the RAE algorithm, a method that assigns statistical significance to CNAs in a given set of cancer samples (Fig. 1) . Genes within significant CNAs as defined by the RAE analysis were reviewed for biological plausibility as oncogenic drivers. We also integrated Affymetrix expression array data on these cases 4 as an additional tool for gene selection, particularly in broader areas of gain or loss, where identifying a single or a few driver genes by analysis of CNAs alone has traditionally proven difficult. Using these approaches, we compiled a list of 25 potential driver genes for sequencing in our 53 MPM tumors. Among the mutations thus identified (Supplementary Table 1) , the gene with the highest rate of non-synonymous mutations was BAP1 (in 12/53 MPMs; 23%) (Supplementary Table 2 ), located at the epicenter of 3p21.1 losses seen in 30% of MPMs (Fig. 2) . We detected only one silent somatic mutation in BAP1, representing a very high ratio of non-synonymous to synonymous somatic mutations. BAP1 (encoding BRCA1-associated protein 1) encodes a ubiquitin COOH-terminal hydrolase originally identified through its interaction with BRCA1 (ref. 5). Sequencing also confirmed frequent inactivating mutations in NF2 (11/53; 21%) and identified previously undescribed missense mutations in LATS2 (2/53; 3.8%) and LATS1 (2/53; 3.8%). Notably, other common tumor suppressors (RB1, PTEN, RASSF1 and TP53) showed few or no mutations, consistent with previous studies in MPM. We also identified a SMARCB1 nonsense mutation in a tumor with normal NF2 and BAP1.
In all, 42% of MPM tumors harbored either BAP1 loss, mutation or both. BAP1 losses were confirmed by fluorescent in situ hybridization (FISH) (Fig. 2) and were also found in 6 of 25 MPM cell lines (24%; Supplementary Fig. 2) . We confirmed the frequency of l e t t e r s BAP1 mutations in an independent collection of 68 MPM tumors (12 mutations, 18%) (Supplementary Table 3 ) and in MPM cell lines (8/25 mutated, 32%) ( Supplementary  Table 4 ). Overall, the 32 BAP1 mutations identified included 6 nonsense mutations, 5 missense mutations, 13 frameshifting indels and 8 mutations at or near splice sites (Fig. 3) . Of the 24 mutations in MPM tumors, we confirmed the mutations to be somatic in 10 of 11 cases with matched normal tissue available. The majority of the truncating mutations are predicted to result in loss of the nuclear localization signal and/or the C-terminal protein binding domain (Fig. 3) . Immunohistochemistry (IHC) for BAP1 on paraffinembedded sections of 47 of 53 MPM tumors from the original discovery set showed that BAP1 loss and/or mutation was associated with an absence of BAP1 protein expression by IHC (Fisher's exact test, P = 0.002) (Fig. 2) . Likewise, tumors with BAP1 loss and tumors with BAP1 loss and/or mutation expressed significantly less BAP1 mRNA (t-test, P < 0.0001 for both). Finally, 25% of tumors showed no BAP1 staining by IHC despite apparently normal BAP1 status by array CGH and sequencing and no significant difference in BAP1 transcript levels (in the Affymetrix array data), raising the possibility of posttranslational deregulation of BAP1 in an additional subset of cases.
We next assessed the functional importance of BAP1 missense and splice site mutations. Of the 32 BAP1 mutations, 7 (in 8 samples) occurred within 4 bp of a splice site. For six samples with available material containing five different splice site mutations, we confirmed that four of the five mutations resulted either in partially retained introns or missing exons (Supplementary Table 5 ), leading to abnormal stop codons just downstream. To assess whether BAP1 missense mutations (resulting in p.Ser63Cys, p.Ala95Asp and p.Cys91Trp) were functionally abnormal, we purified FLAG-tagged mutant proteins by immunoprecipitation and subjected them to an in vitro enzymatic assay (Online Methods) in 293T cells and in two BAP1-null MPM cell lines (H28, Meso37). Two of the three mutants showed decreased levels of ubiquitin cleavage activity compared with wild-type BAP1 ( Supplementary  Fig. 3 and Supplementary Table 6) . Notably, the remaining mutant (p.Ser63Cys) showed an increase in ubiquitin cleavage compared to wild-type BAP1. Although the latter finding may represent an in vitro assay-dependent abnormality, it is conceivable that the ubiquitination status of targets must remain at a crucial equilibrium and that either over-or under-ubiquitination leads to instability, a concept already proposed in the regulation of other ubiquitin-modulated systems 6, 7 .
Next, we examined the relationship of BAP1 mutation to other genetic alterations (Fig. 4) A58  A11  A7  A52  A89  A44   A69  A75  A78  A37  A42  A73  A112  A101  A8  A30  A91  A41  A28  A107  A36  A6  A109   A46  A102  A104  A71  A40  A33  A111  A59  A108  A105  A27  A79  A99  A18  A49  A3  A90  A61  A20  A97  A53   A32   A4   A50 log 2 copy number -0. l e t t e r s wild-type BAP1; t-test, P = 0.03), but there was no significant correlation with other variables such as sex, overall survival, histologic subtype or asbestos exposure. Because BAP1 was originally identified as a BRCA1-associated protein 5 , we examined the possibility that defects in BAP1 might impair the BRCA1-dependent DNA damage response. We exposed cell lines with wild-type BAP1 (Meso9, Meso10) and mutated or deleted BAP1 (Meso37, H28, H226 and H2452) to 10 Gy of ionizing radiation. There were no consistent differences in RAD51 or BRCA1 complex formation between BAP1 wild-type and BAP1-deficient cell lines ( Supplementary Fig. 4 ), suggesting no essential role for BAP1 in the formation of these DNA repair complexes. Additionally, because functional defects in the BRCA1-mediated DNA repair pathway confer synthetic lethality to PARP inhibition 8 , we performed in vitro studies using the PARP inhibitor MK4827 (gift of Merck) but observed no differential sensitivity to PARP inhibition in BAP1 mutant MPM lines compared to BAP1 wild-type MPM cells (data not shown).
We also examined the effects of BAP1 knockdown on cell proliferation in MPM lines expressing wild-type BAP1. We performed transient small interfering RNA (siRNA) knockdown of BAP1 in three MPM lines containing wild-type BAP1 (HMeso, MSTO211H and H2373). All three lines showed decreased proliferation upon BAP1 knockdown (Supplementary Fig. 5) . Conversely, the reintroduction of wild-type BAP1 in BAP1-null MPM lines (Meso37, H28) resulted in a modest increase in proliferation (Supplementary Fig. 6 ). Although paradoxical for a gene whose genetic alterations support a tumor suppressor function, these data are consistent with previous studies of non-MPM cell lines in which BAP1 knockdown caused proliferation defects with an accumulation of cells in S phase [9] [10] [11] . Indeed, flow cytometry analysis of BAP1 knockdown in the MSTO211H line showed an accumulation of cells in S phase, and conversely, reintroduction of BAP1 into H28 MPM cells (BAP1 null) resulted in a reduction of cells in S phase (Supplementary Fig. 7) .
As BAP1 has been reported to bind and deubiquitinate HCF1 in other cell lines 11, 12 , we confirmed that BAP1 and HCF1 also coimmunoprecipitate in MPM lines (Supplementary Fig. 8 ). Studies have shown that the BAP1-HCF1 interaction may be important for HCF1-mediated growth effects. HCF1 acts in part through modulation of transcription at E2F-responsive promoters 13 . We therefore derived expression signatures of BAP1 knockdown in MPM lines using Affymetrix U133A 2.0 arrays and first looked specifically at downstream targets of E2F, including Cyclin A2, E2F1, p107 (RBL1) and CDC25C. We found that all of these effectors were downregulated in MPM cells following BAP1 knockdown (Supplementary Table 7) , consistent with the possibility that BAP1 loss results in post-translational inactivation of HCF1 and thus downregulation of downstream E2F-responsive genes important for cell cycle progression. These findings were also validated by quantitative RT-PCR after BAP1 knockdown using a different siRNA (Supplementary Table 7 ). In 31 MPM tumors with wild-type BAP1, we sequenced the HCF1 kelch domain, which is required for BAP1 binding 11, 12 , hypothesizing that HCF1 mutations that disrupt the BAP1-HCF1 interaction might substitute for BAP1 mutations in MPM tumorigenesis, but we found no mutations.
Recently, it has also been shown that BAP1 is the human counterpart of the Drosophila PcG gene calypso and that the Calypso-ASX complex corresponds functionally to the human BAP1-ASXL1 complex, representing a Polycomb repressive deubiquitinase (PR-DUB) complex 14 . We confirmed that BAP1 and ASXL1 co-immunoprecipitate; although the domains responsible for this interaction have not been mapped, several BAP1 point mutants tested did not seem to affect it (Supplementary Fig. 9 ). Notably, ASXL1 is known to be frequently mutated in hematologic malignancies 15 , usually within exon 12. We sequenced exon 12 of ASXL1 in 31 MPM tumors with known wild-type BAP1 and found no somatic mutations. A previous study suggested that normal Polycomb target gene silencing may require a balance between histone ubiquitination by PRC1 and dRAF and histone deubiquitination by PR-DUB 14 . Based on this link between BAP1-ASXL1 and Polycomb gene expression, we examined the relationship of the BAP1 knockdown expression signature in MPM to three published Polycomb target gene sets (Online Methods). We performed BAP1 knockdown in three MPM cell lines with wild-type BAP1 (HMeso, H2373, MSTO211H), pooled the gene expression results and compiled a list of significantly altered genes (up or down greater than twofold and P < 0.05). Comparison of this gene list to three published lists of PRC target genes [16] [17] [18] showed highly significant enrichment of all three in the BAP1 signature (P < 10 −19 for all three) (Fig. 5) , supporting a role for BAP1 in the regulation of Polycomb target gene expression in MPM cells. Ingenuity pathway analysis of the 77 genes that appear in the BAP1 profiles and at least two Polycomb signatures (Supplementary Table 8 ) showed highly significant overrepresentation of genes involved in DNA replication, recombination and repair, including, among others, several cyclins, cyclin-dependent kinase inhibitors, CDC and MCM genes and E2F1.
Prior to this study, relatively few human cancer samples had been found to harbor truncating or missense mutations of BAP1, notably the lung cancer cell lines NCI-H1466, NCI-H226 and NCI-H1963 (ref. 5), as well as 2 of 188 cases in the TSP lung adenocarcinoma sequencing project 19 . Another study published after our initial submission has reported frequent mutational inactivation of BAP1 in uveal melanomas 20 . Our data expand the scope of BAP1 as a common target of mutational inactivation and a principal driver of 3p21 losses in MPM. 
Several groups have shown a role for BAP1 in cell cycle progression and its function as a tumor suppressor 9, 10, 21, 22 . Re-expression of wildtype BAP1 in cells expressing mutant BAP1 protein causes growth suppression in vitro and in vivo 5, 22 . This BAP1-mediated growth suppression requires an intact ubiquitin hydrolase domain and nuclear localization but does not require wild-type BRCA1 (ref. 22) . It may seem paradoxical that BAP1 knockdown also appears to slow growth and downregulate E2F-responsive growth-related genes. It is possible that, rather than promoting tumorigenesis by accelerating growth kinetics, BAP1 contributes to a delayed but more permissive G1/S checkpoint. Thus, cells may grow more slowly but uncontrollably. This scenario may be consistent with our clinical correlation of older patient age for BAP1 mutant MPMs. Notably, ASXL1 mutations are also associated with proliferation defects and older age at diagnosis in acute myeloid leukemias 15, 23 .
To better understand the cellular roles of BAP1, several groups 11, 12, 24 have examined the proteins bound and possibly deubiquitinated by BAP1. Proteins identified in more than one study include HCF1, ASXL1, ASXL2, FOXK1, FOXK2, ANKRD17, HAT1, UBE2O and AOF1. Notably, none of these recent studies identified BRCA1 as a significant binding partner. As the BAP1 nuclear deubiquitinase appears to be involved in maintaining an appropriate level of regulatory ubiquitination of target histones (together with ASXL1 as the Polycomb repressor PR-DUB subunit), the HCF1 transcriptional co-factor and possibly other transcriptional proteins, our finding of common BAP1 inactivation in MPM implicates transcriptional deregulation in the pathogenesis of this highly lethal cancer. In this light, the clinical and cell line responses to histone deacetylase inhibitors in a subset of MPMs may warrant further investigation in relation to BAP1 status 25, 26 . Finally, our findings support the growing recognition of ubiquitin ligases and ubiquitin hydrolases as cancer genes and may also be relevant to emerging insights into oncogenic disruption of the histone code.
URLs. The Agilent 244K array CGH array data, the Affymetrix 250K SNP array data and the Affymetrix U133A and U133 plus 2.0 array data are available at http://cbio.mskcc.org/Public/Ladanyi_lab_ mesothelioma_datasets/. Database of Genomic Variants, http:// projects.tcag.ca/variation/; Integrative Genomics Viewer, http://www. broadinstitute.org/igv/; Matlab software, http://www.broadinstitute. org/mpr/publications/projects/NMF/nmf.m; Mutation Assessor algorithm, http://mutationassessor.org/.
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Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturegenetics/.
Accession codes. For BAP1, the mutation nomenclature is based on RefSeqs NM_004656.2 and NP_004647.1. For mutations in other genes, the RefSeq used is listed in Supplementary Table 1. The copy number and expression microarray data on the tumor samples and the copy number data on the cell lines have been deposited in the GEO database under accession number GSE29211. They are also available at http://cbio.mskcc.org/Public/Ladanyi_lab_mesothelioma_datasets/. 
Note: Supplementary information is available on the Nature Genetics website.
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oNLINE METHodS
MPM samples and microarray hybridization. Tumor samples were collected and processed according to MSKCC institutional review board approved tissue collection protocols. Genomic DNA and total RNA were purified from MPM tumors and cell lines using DNeasy and RNeasy column purification kits (QIAGEN), respectively. All MPM tumor tissues were pleural primaries, except for one sample that was a tongue metastasis (tumor A76). We performed genomic copy number profiling on Agilent 244K CGH arrays using these purified DNA specimens. All samples were confirmed to have a robust array CGH profile and a p16 (CDKN2A) status concordant with that previously obtained by fluorescent in situ hybridization (FISH) 4 . The initial 53 MPM tumor samples were previously studied by gene expression profiling on Affymetrix U133A arrays 4 . DNAs from cell lines were hybridized to Affymetrix 250K SNP arrays according to the manufacturer's instructions. RNA from both tumors and cell lines was hybridized to Affymetrix U133A and U133 plus 2.0 arrays, respectively. Gene expression levels were estimated using the robust multichip average method 27 . Basic clinical and pathologic data on the set of 53 subjects with MPMs are provided as Supplementary Data.
Data analysis. Array CGH data were analyzed using both a traditional minimal common region (MCR)-type technique 28 as well as a RAE analysis (see below). To identify the MCRs, the normalized log 2 tumor to normal ratios for each sample were segmented using circular binary segmentation (CBS) with α = 0.01 and sd.undo = 1 (ref. 29) . A 'gain' was a segment more than one median absolute deviation from the median segmented value, where the median absolute deviation was estimated from the deviation from the segmented means, and a 'loss' was similarly defined but in the opposite direction. Other segments were called 'normal' . Before constructing MCRs, the calls were smoothed and an adjustment was made for possible germ-line CNVs. To smooth the calls, normal segments less than 1 Mb flanked on both sides by gains or losses were changed to gains or losses, respectively, and altered segments less than 0.5 Mb surrounded on both sides by normal segments were changed to normal. To adjust for CNVs, altered regions less than 3 Mb that overlapped CNVs found in the Database of Genomic Variants (see URLs) and flanked on both sides by normal regions were changed to normal. 'Common regions' were consecutive markers for which the proportion of samples gained or lost exceeded 10%. 'Minimal common regions' were local maximums within the common regions of size greater than 1 Mb. Gene expression data were integrated with genomic copy number data to identify the subset of genes with copy number alterations that had the appropriate changes in their expression patterns, particularly in broad areas of gain or loss where identifying driver genes by copy number analysis alone was difficult. Differences in gene expression between altered and non-altered regions were identified using the Limma method 30 .
RAE analysis. Raw data were obtained and normalized as previously described 31 . Probe-level data were segmented with circular binary segmentation (α = 0.01, sd.undo = 1) and analyzed with RAE, both as previously described 29, 32 . Regions of statistically significant copy number alteration (CNA) were determined after multiple hypothesis correction with the Benjamini and Hochberg false discovery rate (FDR) procedure (FDR < 10%, q value < 0.1). The deletion status of BAP1 was assessed in each tumor based on the overlapping regions of the unified breakpoint profile inferred from segmentation spanning its RefSeq transcript coordinates (hg18). Samples were considered to harbor either heterozygous loss (D 0 ≥ 0.9 and D 1 < 0.9) or homozygous deletion (D 1 ≥ 0.9). Copy number segmentation was visualized in the Integrative Genomics Viewer (see URLs).
Clustering. The 53 copy number samples were clustered using non-negative matrix factorization as adapted for copy number 33, 34 . See the URLs for the Matlab software for the analysis that was provided by the original authors. The stability of the clustering was used to choose the number of clusters.
Sequencing. Sanger sequencing of selected genes was carried out by a commercial vendor on a high-throughput platform (Beckman Coulter Genomics). Candidate mutations were confirmed by repeat PCR and resequencing. Sequencing of normal DNA from matched specimens was carried out in cases where such tissue was available. Sequencing primers are listed in Supplementary Table 9 .
Immunohistochemistry. IHC was performed on formalin-fixed paraffinembedded (FFPE) sections using BAP1 antibody (Santa Cruz, sc-28383) and a Ventana immunostainer Discovery XT. After pretreatment (CC1 solution), primary antibody was applied (dilution 1:50) for 30 min. The detection KIT-OMNIMAP (Ventana) was used for detection following the manufacturer's recommendations. Slides were scored based on nuclear staining intensity as follows: the percentage of positive tumor cells was multiplied by a factor of 1 to 3 (0, no staining; 1, faint staining; 2, moderate staining; and 3, strong staining), giving a final score between 0 and 300. Triplicate tumor tissue cores from the TMA were scored independently, and a final composite result (average of the three numbers) was given for each case. Cases were scored negative if the result was 0. The relationship between BAP1 mRNA expression, BAP1 IHC expression and age was examined using an ANOVA test (GraphPad software).
Fluorescent in situ hybridization. The BAP1 locus-specific FISH probe was made from BAC clone RP11-630O10. BAC DNA was extracted using BACMAXTM DNA purification kit (Epicentre Biotechnologies) and labeled with SpectrumOrange-dUTP (red) using the nick-translation kit (Vysis/Abbott Molecular). Chromosome 3 centromere probe (CEP3, Cytocell) was labeled with green fluorescence; nuclei were counterstained with DAPI (blue). Four micron (4 µm) FFPE sections cut from tissue microarray blocks containing subject tumor specimens were pretreated by deparaffinizing in xylene and dehydrating in ethanol. Dual-color FISH was performed according to the protocol for FFPE sections from Vysis/Abbott Molecular with a few modifications. FISH analysis and signal capture were performed on a fluorescence microscope (Zeiss) coupled with the ISIS FISH Imaging System (MetaSystems). Fifty cells from each tumor specimen were analyzed.
RT-PCR and sequencing of BAP1 mRNA transcripts. RT-PCR was performed on total RNA from samples harboring potential splice site mutations using the OneStep RT-PCR Kit (QIAGEN), and the primers used are listed in Supplementary Table 10 . Products were confirmed on a 2% agarose gel and excised. Products were purified using Qiaquick PCR purification kit (QIAGEN) and subjected to Sanger sequencing.
Plasmids. Full-length BAP1 complementary DNA was amplified by RT-PCR using Pfx DNA Polymerase (Invitrogen) from pENTR(tm)221-BAP1(Invitrogen) (for primers, see Supplementary Table 11 ) and subcloned into the BamH1 and Sal1 sites of the mammalian expression vector p3X-FLAG-CMV-24 (for 3xFlag tag) (Invitrogen). Site-directed mutagenesis of p3XFLAG-BAP1 was performed by QuikChange II (Stratagene) using the primers listed in Supplementary Table 11 , and all introduced mutations were confirmed by sequencing.
Tissue culture, transfections and siRNA knockdown. All MPM cell lines were grown in Roswell Park Memorial Institute (RPMI) medium supplemented with 10% FCS and penicillin/streptomycin. HEK293T cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% FCS and penicillin/streptomycin. For knockdown expression studies, MPM cell lines expressing wild-type BAP1 (HMeso, MSTO211H and H2373) were treated with 10 nM of either BAP1 siRNA (s15822, si15820; Ambion) or negative control siRNA (AllStars, QIAGEN) using HiPerfect transfection reagent (QIAGEN). After 96 h, total RNA from each cell line was extracted, labeled and hybridized to Affymetrix U133A 2.0 arrays. Gene expression changes were identified using the Limma test 30 . For gene-specific validation, quantitative RT-PCR was performed using TaqMan gene expression assays (Applied Biosystems).
For knockdown proliferation studies, 3 × 10 4 cells of wild-type BAP1 cell lines (HMeso, Meso211H and H2373) were plated in 6-well plates on day 0. On day 1, transfection was performed with 10 nM of the same siRNA reagents as above. Cells were grown for 96 h, trypsinized and counted. For transfection growth studies, cells were transfected using Gene Jammer (Stratagene) and 125 ng of BAP1 plasmids. Cell were grown for 4 days, trypsinized and counted. All proliferation experiments were performed in triplicate and the results were averaged.
Immunoprecipitations. Cells were washed once with ice-cold phosphatebuffered saline before scraping them off at 4 °C with 1 ml of phosphate-buffered
